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macher).Background: According to the Helmholtz theory of accommodation the loss of accommodation amplitude
is caused by the growing sclerosis of the crystalline lens, whereas the ciliary muscle and the lens capsule
are mainly uneffected by age. A permanent treatment method for presbyopia which offers a dynamic
accommodation ability is a recent ﬁeld of study. The concept followed in this paper uses femtosecond
laser pulses to potentially overcome the loss of deformation ability of the crystalline lens by creating glid-
ing planes inside the lens tissue to improve its ﬂexibility.
Methods: The aim of the study is to show that the ﬂexibility of human donor lenses can be increased by
applying tightly focused near infrared femtosecond laser pulses into the lens tissue. Thereby the tissue is
separated by the photodisruption effect. A certain pattern of gliding planes is cut inside the tissue of 41
human donor lenses and the deformation ability of the lenses are compared using the Fisher spinning test
before and after laser treatment.
Results: The laser treatment results in an increased deformation ability of the crystalline lens. The lens a–
p thickness increases on average by 97 lm 14 lm after the treatment. The Fisher spinning test shows
an increase of 16% in deformation ability of the lens at a rotational speed of 1620 rpm.
Conclusion: The creation of gliding planes with a fs laser inside the crystalline lens tissue can change the
deformation ability of the lens. This might be an indication for a possible method to treat presbyopia in
future.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
In recent years the effort to ﬁnd a treatment method for presby-
opia besides the conventional reading glasses and contact lenses
has increased. New methods like lens-implants (Auffarth & Dick,
2001; Kuchle, Seitz, Langenbucher, Martus, & Nguyen, 2003) or
monovision surgeries (Hom, 1999; Li, Jum, Feng, & Hsiung, 2004)
offer additional aid to overcome the loss of accommodation. How-
ever, up to now, none of these methods offers a real dynamic
accommodation (Kuchle et al., 2004; Mastropasqua, Toto, Nubile,
Falcone, & Ballone, 2003). In addition, laser surgery in ophthalmol-
ogy has become a successful ﬁeld, which supports the idea of ﬁnd-
ing a laser guided treatment for presbyopia.
According to the Helmholtz theory of accommodation, the opti-
cal power change of the eye is initiated by the contraction of the
ciliary muscle. The ciliary body moves inwards and releases the
tension of the zonular ﬁbers. This loss of tension allows the elasticll rights reserved.
her).
http://www.lzh.de (S. Schu-lens capsule to mold the lens into the more accommodated spher-
ical form, increasing the optical power of the lens (Fincham, 1937;
Glasser & Kaufman, 1999; Helmholtz, 1909).
The development of presbyopia is noticed in the ﬁfth decade of
life and a complete loss of accommodation occurs within the next
15 years. Although the reasons of developing presbyopia are still
discussed, one well accepted cause for the failure of accommoda-
tion is the progressive sclerosis of the crystalline lens (Heys, Cram,
& Truscott, 2004; Weeber, Eckert, Pechhold, & van der Heijde,
2007). The ﬂexibility of the lens decreases and the contraction
force of the lens capsule fails to change the lens geometry to stee-
per curvatures and an increased lens thickness. In addition the
other participating components of the accommodation process like
ciliary muscle, zonular ﬁbers and lens capsule are affected by aging
(Atchison, 1995; Glasser & Campbell, 1999). E.g. the ciliary mus-
cle’s inwards shift towards the lens equator decreases with age
but never disappears (Bacskulin, Martin, Kundt, Terwee, & Guthoff,
2000; Stachs et al., 2002; Strenk, Strenk, & Guo, 2006) and the lens
capsule thickness and its elastic constant increases until the age of
35 (Krag & Andreassen, 2003). These effects contribute also to the
loss of accommodation but to a much smaller amount than the
hardening of the lens tissue. The sclerosis process of the lens is
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can be measured from early childhood years on (Glasser & Camp-
bell, 1998; Heys et al., 2004; Weeber et al., 2007). The continued
growth of new crystalline lens ﬁbers beneath the lens epithelium
results in an increase in lens thickness (Brown, 1974; Koretz, Kauf-
man, Neider, & Goeckner, 1989; Rosen et al., 2006; Strenk et al.,
1999) and a compression of the existing ﬁbers (Al-Ghoul et al.,
2001). Hence the nucleus and also the cortex of the lens become
stiffer and less ﬂexible (Glasser & Campbell, 1999; Heys et al.,
2004; Weeber et al., 2007). Over the years, the restoring force of
the lens capsule fails to mold the hard lens tissue and the accom-
modation amplitude ﬁnally drops down to zero (Duane, 1922;
Hamasaki, Ong, & Marg, 1956), irrespective of ciliary muscle con-
traction (Bacskulin et al., 2000; Stachs et al., 2002; Strenk et al.,
2006).
In 1998 Myers and Krueger suggested that the creation of small
cuts inside the crystalline lens should cause a regain in its ﬂexibil-
ity and therefore in its deformation ability (Myers & Krueger,
1998). The ﬁrst experiments with nanosecond laser pulses showed
that the deformation ability of the treated human cadaver lenses
was increased. However, strong side effects were visible after the
treatment. Larger residual gas bubbles changed the volume of the
lens and they also caused unacceptable light scattering (Krueger,
Sun, Stroh, & Myers, 2001). These undesired side effects can be
strongly reduced if ultrashort (femtosecond) laser pulses are used
for the treatment. The lower pulse energy of fs laser pulses causes
fewer side effects such as shockwaves, cavitation bubbles and in-
creased tissue temperature than nanosecond pulses (Heisterkamp
et al., 2002; Vogel, Noack, Huettman, & Paltauf, 2005). For ophthal-
mic applications Juhasz (Liu et al., 1997) and Heisterkamp (Heis-
terkamp et al., 2003; Lubatschowski et al., 2000) showed that fs
laser pulses are very suitable for refractive surgery. Furthermore,
Krueger (Krueger et al., 2005) showed in ﬁrst investigations on
in vivo rabbit lenses and Ripken (Ripken et al., 2007) on enucleated
porcine lenses that cutting inside the lens is feasible without
apparent side effects.
Tightly focussed near infrared ultrashort laser pulses do not
interact with the transparent ocular tissue outside the focal vol-
ume. This allows the lens to be treated inside the eyeball without
opening it. At the focal point, the enormous intensity due to the
temporal and spacial compression of the laser pulse induces non-
linear absorption resulting in an laser induced optical breakdown
(LIOB). In aqueous media such as ocular tissue, the nonlinear
absorption process generates a plasma which drives a shockwave,
followed by a cavitation bubble (Noack, Hammer, Noojin, Rockwell,
& Vogel, 1998). The cavitation bubble collapses and a resistant gas
bubble may persist before it dissolves after some minutes which
was shown by Vogel in cornea tissue (Vogel, 2000).
A cut inside the tissue is achieved by placing the spots where a
LIOB occurs next to each other. Thus, it is possible to create deﬁned
planes or even 3D structures inside the lens tissue. The precision of
the microcuts is limited by the resolution of the scanning device
and the spot size of the focal region (Ripken et al., 2007).
In a previous in vivo study (Gerten et al., 2007; Krueger et al.,
2005), it has been shown that the crystalline lens of a rabbit eye
stays clear for at least three months after a fs laser treatment. Five
of six rabbits developed no cataract in the fs laser treated eyes dur-
ing the three months follow up. However one rabbit showed in
both the treated eye and control eye visible evidence of cataract
formation, which was felt to be unrelated to the laser treatment
because of the bilaterality of occurrence. In a second study (Ripken
et al., 2007) on enucleated porcine lenses, the change in deforma-
tion ability due to the created cutting pattern was investigated. It
was shown that the number, position and alignment of the gliding
planes inside the lens tissue have different impacts on the defor-
mation ability after the treatment. The study has shown the possi-bility to increase the ﬂexibility of enucleated porcine lenses.
Inducing microcuts inside the crystalline lens may be a treatment
option to treat presbyopia in future.
The aim of this work is to show that the potential of changing
the deformation ability not only applies to young in vitro porcine
lenses but also to presbyopic in vitro human donor lenses. This pro-
cedure will be called Lentotomy.2. Methods and materials
The purpose of this study is to create gliding planes with a fs la-
ser system inside presbyopic human donor lenses in order to re-
gain the lost ﬂexibility. The deformation ability and the shape of
the lens before and after treatment are measured and compared.
For the experiments we used the Ti:Sa laser system Bright from
Thales (Paris, France). Its ultrashort laser pulses have a minimum
duration of 125 fs at a repetition rate of 5 kHz and 780 nm wave-
length, and the pulse duration is controlled by a single shot auto-
correlator. The systems average output power can be as high as
1.5 W but for the experiments only an output power below
10 mWwas used. Therefore the pulse energies which were applied
to the lenses are in the range of a few microjoules.
For the current study, 41 human donor lenses from autopsy
eyes which were used for corneal transplants were available. The
age varied from 20 to 67 years, but with a preponderance of lenses
older than 50 years (average 55 12 years). The lenses were taken
from the eye bulb after the corneal transplantation and were
stored at room temperature in saline solution (0.9%). The postmor-
tem time until laser treatment varied from 32 to 71 h (average:
49 10 h) whereas they were kept in saline solution between 21
and 24.5 h (average: 22:7 0:8 h). During the experiments and
the laser treatment the lenses were kept moist with frequently
dripping saline solution onto them to avoid dehydration. Both
spinning procedures and the laser treatment (6 min) were carried
out within 12 min. The sample collection followed the tenets of
the Declaration of Helsinki.
The 3D scanning of the laser beam focus to create the cutting
pattern inside the enucleated human lenses is accomplished by a
galvometer-scanner unit (GSI Lumonics, USA) in the x–y-plane. In
combination with the applied f-theta optics ðf ¼ 75 mmÞ the spa-
cial positioning resolution is below one micron and the operating
range is 9 mm in diameter. The scanning in axial direction is per-
formed by a mechanical translation stage (M126-DG, Physical
Instruments, Germany) with sub-micron resolution which moves
the ﬁxation unit of the crystalline lens relative to the focusing lens.
The ﬁxation unit consists of a special mount which centers the lens
with respect to the focusing optics and a glass plate that appla-
nates ð200 lm—400 lmÞ the lens surface. The f-theta optic is opti-
mized for the selected wavelength of 780 nm and a pulse width of
125 fs. A minimal spot size of 5 lm can be achieved, which was
proved by the knife-edge method. Fig. 1 shows the setup of the
application unit including the scanner and the lens ﬁxation.
For the experiments, a simple pattern was used as a ﬁrst at-
tempt, which consists of three main geometrical parts: two rings,
two cylinders and a set of planes (see Fig. 2). Two annular rings
are cut in two different frontal planes of the lens (one in the back
and one in the front). Two cylinders (inner and outer) in sagittal
direction which surround the rings are placed perpendicular to
the frontal rings. The third basic cutting structure is a starlike pat-
tern which consists of 12 radial sagittal planes reaching from the
inner to the outer diameter of the cylinders. In principle, all geo-
metric parameters of the pattern (e.g. radii of cylinders, depth of
structures) are variable. However in this study the geometry of
the pattern was kept ﬁxed to ensure a comparability of all treated
lenses despite of the fact that the relative size of the pattern com-
Fig. 1. Scanning unit and lens holder.
Fig. 2. Principle of ‘‘steering-wheel” pattern.
Fig. 3. Schematic drawing of the setup of the rotation stage experiment to induce
centrifugal forces to the crystalline lens.
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used in this study showed good results in a previous study on enu-
cleated porcine lenses in enhancing the deformation ability (Rip-
ken et al., 2007). The pattern has an outer and an inner diameter
of router ¼ 2:5 mm and rinner ¼ 1:0 mm, respectively. The depth of
the pattern was d ¼ 1 mm and it was applied 1 mm below the
anterior pole.
To create the cutting planes, the focus is scanned through the
lens tissue by a spot separation of 6 lm in the x–y-plane and
40 lm along the optical axis. These parameters were evaluated
with the same setup on porcine lenses in a previous study (Ripken
et al., 2007). Scanning the pattern twice with double spot separa-
tion and shifting the pattern by one distance of the spot separation
during the second scan results in the creation of smooth cuts andthe reduction of larger interfering residual gas bubbles (Heisterk-
amp et al., 2003).
To measure a quantitative deformation ability the crystalline
lens is placed on a platform on the central axis of a rotation stage,
as suggested by Fisher (Fisher, 1977). The centrifugal force during
rotation simulates the outwards directed tension of the zonular ﬁ-
bers when the ciliary muscle relaxes in the unaccommodated eye
(Fisher, 1971). Of course this method reﬂects not the true forces
which act on the lens during accommodation, but it is a method
to measure a quantitative change in deformation ability. According
to data from Rosen (Rosen et al., 2006), a 55 year old (average age
in this study) human crystalline lens has a weight of approximately
244 mg and has an equatorial radius of 4.73 mm. Thus a ﬁrst
approximation of the applied centrifugal force F ¼ mx2r (m lens
mass, x angular velocity, r median radius) at a rotational speed
of 1620 rpm (maximum speed used in this study) is 17 mN.
The rotation platform consists of a ring whose inner diameter is
slightly smaller than the equatorial diameter of the crystalline lens.
This offers the possibility of observing almost the whole shape of
the lens with a CCD-camera during rotation. Images are taken at
different rotational speeds and the geometry change during rota-
tion can be analyzed by processing the digital images. The whole
setup is shown in Fig. 3. The different lens sizes require a standard-
ization for comparison. Therefore, the gauge for the change of a
lens are its normalized geometric values, e.g. its normalized lens
thickness g ¼ drotd0 , at a given rotational speed which is dimension-
less. The crystalline lens thickness at rotation and in non-rotating,
stationary position are drot and d0, respectively.
To compare the lens ﬂexibility Fisher’s spinning test is per-
formed directly before and after laser treatment. Between the
two spinning tests, the laser treatment is applied to all lenses in
the same manner. The only parameter which is changed during
the laser treatment is the pulse energy. Depending on the yellow
coloring and developing cataract of the old human donor lenses,
the pulse energy has to be adjusted between 0:5 l J and 1:5 l J.
The speciﬁc energy for each lens was subjected to the coloring of
the lens and was chosen empirically from experience of former
experiments.
The effect of the laser treatment is veriﬁed by measuring the
lens geometry during the Fisher’s spinning test. The images taken
during the test were analyzed with an image viewing software.
The anterior to posterior thickness, equatorial diameter and radii
of curvature of the central area (r ¼ 2:8 mm anterior, r ¼ 2:0 mm
posterior) were measured and scaled to a mm-scale included in
the images. The image resolution of the camera and the blurring
due to the rotation of the lens lead to an observational accuracy
of the lens thickness and equatorial diameter of about 30 lm.
The accuracy of the measured radii of curvature is about 0.5 mm.
We compared the lens a–p thickness and equatorial diameter at
0 rpm before and after laser treatment and the normalized lens
thickness g and normalized radii of curvature t at a rotational
speed of 1620 rpm before and after laser treatment. An increased
lens thickness in non-rotating, static (0 rpm) position and a de-
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radii of curvature, respectively, represent an increase in deforma-
tion ability and therefore in ﬂexibility.
The accommodation process is not simply characterized by the
change of lens thickness; the actual change in optical power is
mainly due to the change in anterior and posterior curvature. Since
the gradient index of the refraction for a single lens is unknown in
ﬁrst approximation one can calculate the optical power of the
lenses using its thickness, the radii of curvature and a homogeneous
refractive index by using the conventional thick lens formula:
Optical Power ¼ nl  na
ra
þ na  nl
rp
 tðnl  naÞðna  nlÞ
nlrarp
ð1Þ
Whereas t is the lens thickness and ra and rp are the anterior and
posterior radii of curvature. With the obtained data, we calculated
the optical power of the lens using where na ¼ 1:336 is the refrac-
tive index of the aqueous humor and the vitreous humor, respec-
tively, nl ¼ 1:424 the refractive index of a 55 year old lens as
reported by Dubbelman (Dubbelman & der Heijde, 2001).
The change of optical power (OP) due to the Fisher test can be
obtained by comparing the unrotated case, which corresponds to
the full accommodated state for near sight, to the 1620 rpm ro-
tated case, which corresponds to a state which is close to the unac-
commodated state for far sight. We deﬁne the normalized optical
power due to the spinning test as h ¼ OProtOP0 .Fig. 4. A typical quality (about 60% successful) of an obtained cutting pattern inside
a human donor lens. A 61 year old lens; pulse energy 1:0 l J. In the areas where no
small gas bubbles are visible the tissue had inhomogeneities and the pulse energy
was not high enough to induce an optical breakdown. Therefore no cut is created
there. The circular edge around the pattern is the aplanation edge, the lens is still
applanated.
Fig. 5. Change of the anterior–posterior lens thickness (left) and diameter (right) of 41 l
line indicates no change. Above the line an increase in thickness and diameter occurred,
decreased due to the laser treatment.For all data we performed a statistically analysis using the stu-
dent-t test to test if the change induced by the laser treatment is
statistically signiﬁcant. Furthermore a control group of 10 lenses
were investigated which underwent the same procedure as the
treated ones just without laser pulses applied.3. Results
The cutting pattern could be applied successfully in all human
donor lenses included in the following graphs and tables without
damaging the surrounding lens capsule. Compared to a previous
study on enucleated pig lenses (Ripken et al., 2007), a homogenous
cutting quality was not always possible due to the developing cat-
aract and increasing yellowish coloring with age of the human do-
nor lenses. These inhomogeneities necessitate a constant
adjustment of the applied pulse energy. Unfortunately, at this
point there is no method of ascertaining the right pulse energy
for an optimal cut depending on the coloring of the lens. This re-
sults in an inhomogeneous quality of the cutting pattern of the hu-
man donor lenses. A typically obtained cutting pattern is shown in
Fig. 4.
3.1. Change in deformation ability
To overcome presbyopia, it is important that the forces of the
lens capsule molds the lens to the more spherical accommodated
shape after the laser treatment. In this the case, the geometry of
the lens should change directly after the treatment due to the re-
stored deformability of the lens. The ﬁrst indication of a more
spherical shape of the lens is an increased lens thickness a de-
creased diameter, respectively. Fig. 5 shows the relationship of
the anterior–posterior lens thickness and equatorial diameter be-
fore and after laser treatment with no rotation applied (0 rpm).
The majority of the 41 lenses exhibit an enlargement of their thick-
ness. The average increase of thickness of the 41 lenses is
97 lm 14 lm ðp < 0:001Þ, whereas the change varies between
260 lm and þ440 lm. On the other hand the lens diameter is
decreasing in most of the lenses after the laser treatment. The aver-
age decrease is 120 lm 18 lm ðp < 0:001Þ. The change varies
between þ310 lm and 550 lm. Both changes are statistically
signiﬁcant at a level of <0.001. The control group of 10 lenses
showed in average a decrease of 154 lm 74 lmðp > 0:05Þ in
lens thickness and a decrease in diameter of 141 lmenses after laser treatment compared to before the treatment at 0 rpm. The straight
below the line a decrease. In average the lens thickness increased and the diameter
Fig. 6. Human donor lens (66 years) before laser treatment during Fisher spinning
test, left in the unrotated state, right rotated with 1620 rpm. In both cases the
anterior and posterior curvature is ﬁtted by spheres.
Fig. 8. Normalized anterior and posterior radii of curvature of 26 lenses at a
rotational speed of 1620 rpm after laser treatment compared to the normalized
radii of curvature before the treatment. The straight line indicates no change.
Fig. 9. First approximation of the normalized optical power at rotational speed of
1620 rpm after laser treatment compared to before the treatment. The straight line
indicates no change.
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0.05 level.
The change in lens thickness during the Fisher spinning test due
to an applied rotational speed of 1620 rpm is shown in Fig. 6. The
left picture shows the stationary case which is in the fully accom-
modated state. The right picture shows the lens at a rotational
speed of 1620 rpm. The centrifugal force works on the bulk of
the lens resulting in a decreased thickness and increased equatorial
diameter.
Fig. 7 shows the difference of normalized lens thickness g of 26
lenses at a rotational speed of 1620 rpm before and after laser
treatment. (This measurement was performed only on 33 of the
available 41 lenses; additionally on seven lenses of the 33 mea-
sured lenses it was not possible to obtain the required data from
the images showing the lens during rotation). As can be seen, the
normalized lens thickness decreases on average by
0:013 0:006 (p < 0:05, statistically signiﬁcant) from
0:918 0:007 to 0:905 0:008, that means the lens ﬂattens more
than before. Thus the deformation ability of the lenses in total
thickness increases from 8.2% before the laser treatment to 9.5%
after the laser treatment; that is an increase in deformation ability
of about 16%. The control group showed in average an increase of
0:02 0:02 (p > 0:05, not statistically signiﬁcant) in normalized
lens thickness.
3.2. Improvement in optical power change
Fig. 8 shows the difference of the normalized radii t of curva-
ture of the anterior and posterior surface between no rotation
and an applied rotation of 1620 rpm before and after the laser
treatment. The straight line represents no alteration of the normal-
ized radii during rotation due to the laser treatment. The normal-
ized anterior radius of curvature is 1.32 ð0:05Þ due to a rotation
of 1620 rpm before the laser treatment and the normalized poster-Fig. 7. Normalized lens thickness g of 26 lenses at rotational speed of 1620 rpm
after laser treatment compared to the normalized thickness before the treatment.
The straight line indicates no change.ior radius 1.28 ð0:04Þ, respectively. After the treatment the nor-
malized anterior radius curvature is on average 1.91 ð0:20Þ and
the normalized posterior radius curvature 1.53 ð0:05Þ, respec-
tively. Thus the change in anterior radius of curvature is increased
by 184% ðp < 0:05Þ and the posterior by 89% ðp < 0:001Þ,
respectively.
In Fig. 9, the change of normalized optical power (calculated
from a–p thickness, anterior and posterior curvature) due to the la-
ser treatment is shown for 26 lenses. The normalized optical power
h due to an rotational speed of 1620 rpm before the treatment ran-
ged from h ¼ 0:61 to h ¼ 1:03 with an average of h ¼ 0:78ð0:02Þ.
After the treatment the normalized optical power decreased in all
cases except one. The average normalized optical power is reduced
to h ¼ 0:65ðð0:02Þ and ranges from h ¼ 0:42 to h ¼ 0:87. There-
fore the average change in optical power is increased by 59%
ðp < 0:001Þ, which is statistically signiﬁcant.
4. Discussion
The experiments demonstrate the possibility of creating deﬁned
cutting patterns inside the human crystalline lens tissue. The pre-
vious results on porcine lenses showing an increased deformation
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ﬁrmed on partly presbyopic human donor lenses.
Whereas reproducing the cutting pattern at constant quality in
all young clear porcine lenses was possible with optimized laser
parameters (Ripken et al., 2007), this task was more challenging
on human donor lenses. The tissue characteristics of each human
lens was different due to age, postmortem time and individual
variety. Each lens had a different yellowish coloring and most of
the lenses had a partially developed cataract resulting in an inho-
mogeneous tissue which increased scattering. At the moment there
is no method of determining the exact pulse energy needed to in-
duce optical breakdown at every position in the lens tissue. Thus
the cutting quality of the patterns was not perfect in many of the
treated lenses. Overcoming this limitation will be future work.
The experiments for enhancing the deformation ability of the
crystalline lens show an average increase of deformation ability
due to the Fisher’s spinning test of 16%. This value is lower than
the value obtained on porcine lenses by Ripken et al. (2007). This
may have two reasons. First, the deformation ability and geometry
of young porcine lenses compared to presbyopic human lenses is
different from the beginning and reacts in a slightly different
way to the treatment. Second, due to the aforementioned chal-
lenges the cutting pattern was often not generated of perfect qual-
ity, which might result in a reduced gain in deformation ability.
Due to this second fact, the averaged ﬂexibility does not reﬂect
the true possibility of regaining large quantities of deformation
ability in the aged lenses. In some lenses the deformation ability
could be doubled, which was not previously achieved in porcine
lenses (Ripken et al., 2007). This large gain in ﬂexibility is due to
the fact that human donor lenses suffer from the progressing scle-
rosis whereas the young porcine lenses are very ﬂexible. This fact
also explains the thickness increase of the human donor lenses di-
rectly after laser treatment which was never noticed on young por-
cine lenses before (Ripken et al., 2007). The restoring force of the
lens capsule is able to mold the lens back to a shape more spherical
compared to the untreated lens. The fact that this was not observed
on porcine lenses eliminates the assumption that this increase in
thickness is caused by the remaining small residual bubbles which
disappear within 2 h after the treatment. Nevertheless, maintain-
ing a control by measuring the lenses thickness again after some
time is inappropriate, because the water intake of the lenses dis-
torts the measured thickness values (Augusteyn & Cake, 2005;
Augusteyn, Rosen, Borja, Ziebarth, & Parel, 2006). The water intake
also inﬂuences the initial thickness of the human lenses which
reach our lab up to 3 days postmortem. Therefore all measured
absolute values in this study have to be used with caution. Since
the measurements were performed within 12 min the relative val-
ues comparing the lens before and after laser treatment are both
affected in the same manner of water intake and therefore this ef-
fect can be neglected. This is supported by the fact that the relative
obtained values show no relevant dependence on the ratio of diam-
eter and thickness.
The effect of the water intake inﬂuences also the measurement
of the radii of curvatures. The lenses are thicker and have altered
radii of curvatures compared to in vivo measured values published
in literature (Dubbelman, der Heijde, & Weeber, 2005; Glasser &
Campbell, 1999; Manns et al., 2004; Rosales, Dubbelman, Marcos,
& van der Heijde, 2006; Rosen et al., 2006). This alters the calcula-
tion of the optical power and therefore the accommodation ampli-
tude. Thus the absolute values do not reﬂect the reality, but the
relative values obtained before and after the laser treatment still
show the potential of the treatment method. The values presented
of an average increase of 59% might overestimate the real success
on living tissue, because the average change in optical power
shown by in vitro tissue during the Fisher’s spinning test is also
higher compared to in vivo measurements of the accommodationamplitude (Duane, 1922; Dubbelman et al., 2005). However the
data clearly shows that the treatment method presented succeeds
in increasing the change in optical power. Therefore it seems that
the induced micro cuts inside the crystalline lens tissue have the
potential to relieve the effects of presbyopia and offer an improve-
ment in accommodation ability.
The applanation of the lenses during the laser treatment could
also have an impact on the mechanical behavior of the lenses dur-
ing the experiments. However the performed study on the control
group of 10 lenses showed no statistically signiﬁcant changes of
the lenses after the applanation. Therefore despite the larger defor-
mation due to the applanation no conspicuous mechanical behav-
ior is caused.
The next step in developing a successful clinical treatment
method resulting from these promising experiments is optimizing
the geometry of the cutting pattern to a maximum gain in accom-
modation amplitude and investigating possible undesired side ef-
fects. The optimum pattern is difﬁcult to investigate
experimentally, because every lens acts slightly differently during
accommodation. Therefore theoretical work on a standard lens
model must be performed. First preliminary results are published
by Ripken et al. (2006), Schumacher et al. (2007) and show a sim-
ilar tendency toward improvement of deformation ability.
The deposition of light energy into the crystalline lens causes an
optical breakdown and thus a change of the lens tissue, in the focal
region. The high laser light intensities might also alter the lens tis-
sue along the optical path of the light due to nonlinear effects. This
could perhaps cause implications to the biochemical and physio-
logical processes inside the crystalline lens which might result in
cataract formation. In a ﬁrst in vivo safety study on rabbits, Krueger
et al. showed, using basically the same laser parameters, that the
treated lenses had good transparency and negligible evidence of
side effects (Gerten et al., 2007; Krueger et al., 2005). In the
3 month follow up of the study by Krueger et al., no cataract, oc-
curred due to the laser treatment and there was no indication of
an increased scattering of the treated lenses. In TEM analysis it
was shown that the zone of changed tissue around the cut is about
0:5 lm and the surrounding hexagonal lens ﬁbers appear normal
and undisturbed.5. Conclusion
In conclusion the concept of Lentotomy for improving presbyo-
pic human crystalline lens ﬂexibility is promising. The application
of fs laser generated gliding planes inside in vitro human donor
lenses showed three noteworthy effects. First, the lenses ante-
rior–posterior thickness is enhanced by an average of 97 lm
accompanied with a decrease in equatorial lens diameter and stee-
per radii of curvatures due to the treatment which is associated
with the fact that the lens capsule is now able to mold the lens tis-
sue to a more spherical shape.Thus this results in an increase in
optical power. This observation shows the successful aim of the
fs-Lentotomy. Second, the dynamic change of lens geometry due
to a simulated accommodation process can be increased by the la-
ser treatment. This shows that the ﬂexibility of the whole lens can
be increased and a signiﬁcant larger change in optical power is fea-
sible. Thirdly, compared to former studies on clear porcine lenses
(Ripken et al., 2007) it is more challenging to create smooth and
accurate cutting patterns inside the inhomogeneous tissue of older
human donor lenses. The optimization of this task will be future
work.
The experiments have demonstrated a promising increase in
deformation ability of the lens, but the evidence that the results
can be applied directly to in vivo human lenses still has to be ad-
duced. Furthermore the ﬁrst prelimenary in vivo experiments by
S. Schumacher et al. / Vision Research 49 (2009) 1853–1859 1859Gerten et al. (2007), Krueger et al. (2005) that no harmful side ef-
fects occurs do to the laser treatment have to be conﬁrmed. There-
fore the next step in developing a future clinical treatment method
will be a long term in vivo wound healing study to be sure that the
development of cataract due to the laser treatment can be
excluded.
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